Brown-hilum soybeans often have cold-weather tolerance and growth vigor superior to that of yellow hilum soybeans. However, Japanese consumers do not prefer brown-hilum soybeans. In this paper, we investigated the correlation of cold-weather tolerance with pubescence color and flowering time using near-isogenic lines (NILs). The gene for the former is one of the genes, which controls hilum color and that for the latter is related to growth vigor. First, the NILs for pubescence color (tawny: T and gray: t) of yellow-hilum soybeans were grown under various temperature conditions, and their growth and seed yield were examined. There was no significant difference in the seed yield between tawny and gray lines in a warm region for eastern Hokkaido, but the seed yield in tawny lines was significantly higher than that in gray lines in cooler regions. And dry matter production at the flowering stage was also higher in tawny lines than in gray lines in cooler regions. Next, the effects of cooling treatment on the pod number and seed yield of the NILs for a combination of pubescence color (T/t) and flowering time (E1/e1), te, tE, Te and TE, were examined. The cooling treatment [four weeks, at 18°C/13°C (day/night)] from the beginning of flowering slightly reduced the pod number and seed yield in the tawny lines (Te, TE) and in the late-flowering gray line (tE), but greatly reduced them in the early flowering gray line (te). Then, gray pubescence lines were grouped into early, mid and late flowering groups from two crosses, and they were exposed to low temperature mentioned above. The rates of reduction in the pod number and seed yield by the cooling treatment were highest (cold-weather tolerance was lowest) in the earlier flowering group and lowest (cold-weather tolerance was highest) in the later flowering group. These results show that selecting yellow-hilum soybeans with tawny pubescence and with later flowering time are both useful for developing yellow-hilum soybeans with cold-weather tolerance.
Introduction
Hokkaido, which is the largest soybean producing area in Japan, is located in northern Japan, and eastern Hokkaido is the main soybean-producing area in Hokkaido. However, the soybean production in this area with cool weather is unstable. Damage by cold weather occurs once every four years on the average in this area (Tanaka 1997) . It is caused mainly by three factors (Yamamoto and Narikawa 1966) : 1) Poor growth due to a low temperature in the early growth stages, 2) abscission of flowers and pods due to a low temperature in the flowering stage, and 3) insufficient grain filling due to a low temperature in the pod filling stage. The most common damage by a low temperature is poor growth, but abscission of flowers and pods causes the most severe damage to soybean yield (Matsukawa 1994) . The Tokachi Agricultural Experiment Station has been conducting soybean breeding to develop tolerance to cold-weather damage mainly due to poor growth and abscission of flowers and pods. Actual selection for poor growth is done in a field under mild low-temperature conditions throughout soybean growth, because damage due to a low temperature in the early stage of growth can be sometimes masked by the high temperature during the subsequent growth period. On the other hand, the selection for abscission of flowers and pods is done using a phytotron kept at a low temperature during the flowering stage. However, the field selection is not efficient in a hot summer year, and the selection in a phytotron limits the number of breeding materials due to the limited area of the phytotron. Therefore, if we can identify some plant characteristics related to cold-weather tolerance, a larger number of breeding materials can be screened. In this study, we examined the correlation of cold-weather tolerance with the pubescence color and flowering time.
Soybean cultivars with yellow seed coats are classified into two categories based on hilum color (yellow and brown) in Japan. Because Japanese consumers do not prefer the soybeans with a brown hilum, cold-weather tolerance has been improved mainly in yellow hilum soybeans in Hokkaido. A multiple allele locus I/i-i/i-k/i controls the distribution of color of seed coat and hilum (Palmer and Kilen 1987) . In brown hilum soybeans (i-i/i-i), coloration is restricted to the hilum, whereas coloration is completely suppressed in yellow hilum soybeans (I/I). Meanwhile, the pubescence color gene T/t has a pleiotropic effect on the color of seed coat and pubescence (Woodworth 1921) . All of the brown hilum soybeans, which have been developed in Hokkaido, have tawny pubescence (T/T, i-i/i-i), and in the meantime, yellow hilum soybeans have gray pubescence (t/t, I/I). It has been observed that brown hilum soybeans are more tolerant to cold-weather damage than yellow hilum soybeans in Hokkaido (Yumoto et al. 1995) . Most of the tawny-pubescence soybeans (T/T) irrespective of hilum color are more tolerant to cold-weather than gray-pubescence soybeans (t/t) in many crosses between tawny pubescence with brown hilum soybeans (T/T, i-i/i-i) and gray pubescence with yellow hilum soybeans (t/t, I/I). Therefore, it has been assumed that T/t would contribute more to cold-weather tolerance than I/i-i. Takahashi and Asanuma (1996) exposed a pair of near-isogenic lines (NILs) for pubescence color, tawny pubescence with brown hilum (T/T, i-i/i-i) line and gray pubescence with brown hilum (t/t, i-i/i-i) line to a low temperature in the flowering stage. Reductions in the rate of seed yield and acetylenereducing activity by the low-temperature treatment in the tawny pubescence line were smaller than those in the gray pubescence line. Takahashi and Asanuma (1996) concluded that the T allele or some other closely linked gene, not hilum color, is related to the tolerance to damage due to a low temperature in the flowering stage. Morrison et al. (1994) grew many tawny and gray pubescence lines in a field with cool weather, and found that seed yield of tawny lines was higher than that of gray lines. However, the effect of T/t in soybeans with a genetic background of yellow hilum, and that on coldweather tolerance in the early stages of growth have not been reported.
On the other hand, Tsuchiya et al. (1976) and Sanbuichi (1979) reported that growth vigor under low-temperature conditions in the early stages of growth is correlated with cold-weather tolerance in soybeans. We observed that lines with later flowering have superior growth vigor to lines with earlier flowering from some crosses, and hypothesized that flowering time was related to growth vigor (unpublished data). So far, eight loci have been reported to control the time of flowering and maturity in soybeans; E1 and E2 (Bernald 1971), E3 (Buzzell 1971) , E4 (Buzzell and Voldeng 1980), and E5 (McBlain and , E6 (Bonato and Vello 1999) , E7 (Cober and Voldeng 2001) and J (Ray et al. 1995) . Among them, E1 has the greatest effect on the time of flowering and maturity . However, the relation between flowering time and cold-weather tolerance has not been clarified yet.
In this paper, to contribute to the breeding of yellowhilum soybeans with cold-weather tolerance, we investigated the relationship between cold-weather tolerance and two characteristics, pubescence color and flowering time. First, we examined the growth and yield of near isogenic lines for pubescence color (T/t) of yellow-hilum soybeans in relatively warm and cool regions. Next, the pod number and seed yield of near isogenic lines for a combination of pubescence color (T/t) and flowering time (E1/e1) exposed to a low temperature during the flowering period were examined. In addition, gray pubescence lines with different flowering times were selected from the crosses between early and late flowering lines, and their cold-weather tolerance was also examined.
Materials and Methods
Experiment I. Correlation of the pubescence color with dry matter weight and seed yield in warm and cool regions.
Two pairs of NILs for a pubescence color gene (T and t), which were developed at the Hokkaido Prefectural Tokachi Agricultural Experiment Station (Tokachi AES), were used. One pair was 0409T and 0409t and the other was 0518T and 0518t. 0409T and 0518T have tawny pubescence, yellow seed coat and hilum, and purple flowers (T/T, I/I, r/r, O/O, W1/W1; reviewed by Palmer and Kilen 1987) . 0409t and 0518t have gray pubescence, yellow seed coat and hilum, and purple flowers (t/t, I/I, r/r, O/O, W1/W1). 0409T/t was derived from a cross between the landrace Okuhara-No. 1 (T/T, i-i/i-i, r/r, O/O, W1/W1) and the breeding line Tokei No. 809 (t/t, I/I, r/r, O/O, W1/W1) which was developed at the Tokachi AES. 0518T/t was derived from a cross between Tokei No. 804 (T/T, i-i/i-i, r/r, O/O, W1/W1) and Tokei No. 809 bred at the Tokachi AES. Each parent has a distant genetic background. Heterozygous plants for T and t were selected in six succeeding generations in 0409T/t and in seven succeeding generations in 0518T/t. Thus, the genetic identity of 0409T and t and that of 0518T and t are expected to be approximately 96 % and 97 %, respectively.
The growth and yield of these near-isogenic lines were examined at Memuro which has relatively warm weather and in three cool regions [Kamishihoro (43° 14′ N, 143° 18′ E), Taiki (42° 31′ N, 143° 31′ E) and Kunneppu (43° 47′ N, 143° 42′ E)] in eastern Hokkaido. The experiments were conducted in 2001 at Memuro, Kamishihoro and Taiki, and in 2002 at Kunneppu, and all the experimental fields are dry Andosol. The average temperature during the growth period was 16.0°C at Memuro, 14.6°C at Kamishihoro, 13.8°C at Taiki and 15.2°C at Kunneppu. They were planted at the end of May at all locations. At each location, trials consisted of randomized blocks with four replications. Plots were comprised of two to four 300 cm rows 60 cm apart. Plants were thinned to a density of 16.7 plants m −2 . Fertilizer was applied according to Hokkaido fertilization standards for expected yield of 2.5t ha −1 (0.2 N-1.8 P 2 O 5 -0.9 K 2 O kg a −1 ).
Dry matter weight of leaves, stems, roots and nodules were measured in 2001 trials. The sampling was conducted at the R1 stage (Fehr et al. 1971) at Memuro and Kamishihoro, and at the R3 stage at Taiki. At maturity in all trials, the number of pods and seed yield were measured, and were subjected to the t-test.
Experiment II. Effect of a low temperature during the flowering stage on the number of pods and seed yield in NILs for a combination of pubescence color and flowering time
NILs for a combination of pubescence gene (T and t) and flowering time (E1 and e1), te, tE, Te and TE, were developed from a cross between Tokei No. 738 (T/T, E1/E1, dt1/dt1, i-i/i-i, r/r, O/O, W1/W1) and Tokei No. 817 (t/t, e1/e1, dt1/dt1, I/I, r/r, O/O, W1/W1), which were developed at the Tokachi AES. Heterozygous plants for T/t and E1/e1 were selected in five succeeding generations. Thus, the genetic identity between lines is expected to be approximately 94 %. Although E7 is closely linked to E1 (Cober and Voldeng 2001) , the effect of E7 on the NILs is unknown.
The characteristics of te are gray pubescence (t), early flowering (e1), determinate stem, yellow seed coat, brown hilum and purple flowers (t/t, e1/e1, dt1/dt1, i-i/i-i, r/r, O/O). Those of tE are gray pubescence (t), late flowering (E1), determinate stem, yellow seed coat, brown hilum and purple flowers (t/t, E1/E1, dt1/dt1, i-i/i-i, r/r, O/O, W1/W1). Those of Te are tawny pubescence (T), early flowering (e1), determinate stem, yellow seed coat, brown hilum and purple flowers (T/T, e1/e1, dt1/dt1, i-i/i-i, r/r, O/O, W1/W1). Those of TE are tawny pubescence (T), late flowering (E1), determinate stem, yellow seed coat, brown hilum and purple
The experiment was conducted from May through October 2000 at the Tokachi AES. On 25 May, 12 seeds of each line were planted in a pot (1/2000 a), filled with dry Andosol supplemented with a synthetic fertilizer (0.6 N-5.3 P 2 O 5 -2.7 K 2 O kg a −1 ). Two weeks after seedling emergence, pots were thinned to two plants per pot. The plants were grown in an experimental facility having a plastic roof and no walls until the flowering time, then they were moved to a phytotron and grown there until maturity. Twenty plants of each line (10 pots) were grown in the experimental facility and 10 plants were subjected to a cooling treatment in a phytotron. The air temperature in the phytotron was set at 18/13 (day/night)°C, because the average and minimum temperatures every ten days during the flowering season in cold-weather damaged years were 16°C to 19°C and from 12°C to 14°C, respectively. The cooling treatment was applied for four weeks after the beginning of flowering. Since shading during lowtemperature treatment is known to stimulate pod abscission , the plants were shaded (50 % shade) during the cooling treatments. After the cooling treatment, the plants were grown at 23/18 (day/night)°C. The remaining 10 plants of each line were used as the control, which were grown at 23/18 (day/night)°C from flowering to maturity.
Pots were randomized in the phytotron and the experimental facility, and repositioned at least once a week. At the R8 stage, the number of main stem nodes, the number of pods and the weight of seeds were measured for each plant. Cool tolerance index (CTI) was calculated for the above data to evaluate a rate of reduction by the cooling treatment, according to Sanbuichi (1979) as follows; CTI = the value in the cooling treatment/the value in the control × 100.
Experiment III. Selection experiment in the groups with different flowering times in gray pubescence soybeans The cross between the landrace Konsen-noshi (early flowering) and the breeding line Tokei No. 809 (late flowering), which was named Tokou 0636, and the cross between the landrace Okuhara No. 1 (early) and the breeding line Tokei No. 809 (late), which was named Tokou 0409, were used to select early, mid and late flowering groups. Konsennoshi has tawny pubescence, early flowering, determinate stem, yellow seed coat, brown hilum and purple flowers (T/T, dt1/dt1, i-i/i-i, r/r, O/O, W1/W1, maturity genes are unknown). Tokei No. 809 has gray pubescence, late flowering, determinate stem, yellow seed coat, yellow hilum and purple flowers (t/t, dt1/dt1, I/I, r/r, O/O, W1/W1, maturity genes are unknown). Okuhara No. 1 has tawny pubescence, early flowering, determinate stem, yellow seed coat, brown hilum and purple flowers (T/T, dt1/dt1, i-i/i-i, r/r, O/O, W1/W1, maturity genes are unknown). We selected soybean plants with different flowering times from the plants with gray pubescence and yellow hilum in both crosses. Selection procedures are as follows.
The bulk method was used from F 2 to F 4 , and then the pedigree method was conducted in F 5 . About 200 gray pubescence plants were randomly harvested in F 2 and F 3 , brown hilum plants were discarded after threshing, and 100 plants were randomly selected for the next generation. Three groups differing in the flowering time were selected in F 4 (15 plants per group) and F 5 (four lines per group). The first group, with the early flowering time similar to Konsen-noshi and Okuhara No. 1, was named 'Group E', the second group with the late flowering time similar to Tokei No. 809, 'Group L', and the third group with the mean flowering time of both parents (mid-flowering), 'Group M'. 30 plants from each line of F 5 were planted, and the lines with no segregation related to the flowering time were finally selected.
Cooling treatment was conducted for F 6 plants in 1998. On 30 April, 14 seeds were planted per pot (25 l) filled with dry andosol soil supplemented with a synthetic fertilizer (0.6 N-5.3 P 2 O 5 -2.7 K 2 O kg a −1 ) and they were thinned to five per pot, two weeks after emergence. Four pots were tested per line.
The plants were grown in an experimental facility under a plastic roof with walls, except during the cooling treatment. The average daily temperature for every ten days in the experimental period is shown in Fig. 1 . The cooling treatment was applied in the same way as in Experiment II. At maturity, the number of main stem nodes, the number of pods and seed yield were measured. CTI was calculated in the same way as in Experiment II, and subjected to the analysis of variance between groups.
Results
Experiment I. Correlation of the pubescence color with dry matter weight and seed yield in warm and cool regions
At Memuro which has a relatively warm weather for eastern Hokkaido, little difference in the dry weight of the leaves, stems, roots and nodules at the flowering stage were observed between the NILs for tawny pubescence (T) and gray pubescence (t) in both pairs, 0409 T/t and 0518 T/t (Fig.  2 and Fig. 3 ). On the other hand, in the two cool regions (Kamishihoro and Taiki), the dry weight of leaves, stems, roots and nodules of the tawny lines were heavier than those in the gray lines, although the dry weight of nodules at Taiki was lighter than that at other locations in both tawny and gray lines. Dry weight of leaves, stems and roots at Taiki were generally heavier than those at Kamishihoro, because the plants were sampled at the R3 stage at Taiki but at the Rl stage at Kamishihoro.
The seed yield had a positive correlation with the average temperature during the soybean growth (Table 1) . It was the highest at Memuro (mean temperature was 16.0°C) followed by Kunneppu (15.2°C), Kamishihoro (14.6°C) and Taiki (13.8°C) in this order, in both 0409 T/t and 0518 T/t. At Memuro, the number of pods and the seed yield were not different between the tawny and gray lines in both pairs. However, there were significant differences between the tawny and gray lines in each pair at Kamishihoro and Taiki. A similar tendency was found at Kunneppu. The lineal differences were significant in the number of pods for 0518 T/t, and in the seed yield for both pairs.
The e1 lines (te and Te) flowered and matured almost 10 days earlier than the E1 lines (tE and TE) in the control conditions. The numbers of main stem nodes and pods were smaller in the e1 lines (te and Te) than in the E1 lines (tE and TE) in control (Fig. 4) .
No significant differences were found in the number of main stem nodes for all of the lines in CTI. However, the effect of the cooling treatment on number of pods and seed yield depended on the lines. In the early flowering lines, the reduction rates of number of pods and seed yield for the tawny pubescence line were small, but those for the gray pubescence line were large. For both tawny and gray pubescence lines with late flowering, they were small. Table 2) .
The number of main stem nodes, the number of pods and the seed yield in the control condition were greater in the late flowering group than in the early flowering group. The effect of the cooling treatment on the number of pods and seed yield was largest (CTIs were lowest) in group E followed by group M and group L in both Tokou 0636 and Tokou 0409, the difference between the groups being significant (Table 2) .
Similar effects of cooling treatment were observed in the parent plants with different flowering times ( Table 3) . The CTIs of Konsen-Noshi and Okuhara No. 1 (tawny pubescence and early flowering) and Tokei No. 809 (gray pubescence and late flowering) for the number of pods and the seed yield were roughly the same. These results are coincident with Experiment II, in which the CTIs of Te (tawny pubescence and early flowering) and tE (gray pubescence and late flowering) lines were roughly the same. 
Discussion
Relation between pubescence color and tolerance to coldweather damage due to poor growth In warm region (Memuro), the number of pods and seed yield in NILs for tawny pubescence (tawny line) were similar to those in NILs for gray pubescence (gray line), but in cooler regions (Kamishihoro, Taiki and Kunneppu), those in tawny lines were significantly larger than those in gray lines. This indicates that the T allele is related to the tolerance to cold-weather damage due to poor growth, in addition to damage caused by a low temperature at the flowering stage. This finding is supported by Morrison et al. (1994) , who found that yields of tawny varieties and lines were higher than those of gray ones in cool regions. It was also demonstrated that the gene T was effective for cold-weather tolerance in yellow hilum soybeans. The difference in seed yield related to T/t in the cooler regions can be partially attributed to the difference in growth vigor. Tsuchiya et al. (1976) and Sanbuichi (1979) found a relation between growth vigor during the low temperature and yield. Soybeans with greater growth vigor have higher yields than those with inferior growth vigor. In this experiment, the dry weight of the leaves, stems and nodules in tawny lines at the flowering stage were greater than those in gray lines in the cooler regions. Thus, it can be considered that the gene T is related to growth vigor during low temperatures, and greater growth vigor in the tawny lines than the gray lines is a cause of higher seed yield in cool conditions. Gene T is involved in flavonoid biosynthesis, and encodes a flavonoid 3′-hydroxylase (F3′ H) which hydroxylates the 3′ position of a flavonoid (Buttery and Buzzell 1973) . A single base-deletion in the F3′ H gene is associated with gene t (Toda et al. 2002) . A flavonoid with hydroxy configuration at the 3′ position has a high level of antioxidant activity relative to that without it (Pratt 1976) . Antioxidant activity has been suggested to play an important role in coldweather tolerance in maize (Prasad et al. 1994 , Hodges et al. 1997 , Pinhero et al. 1997 and in rice Tanida 1995, Sato et al. 2001) . Funatsuki et al. (2003) showed that an isozyme of antioxidant enzymes is related to coldweather tolerance in soybeans. The difference for growth vigor in cooler regions by pubescence color might be due to flavonoids which have antioxidant activity that reduces damage by low temperatures in tawny soybeans.
Selecting soybeans with tawny pubescence and a yellow hilum (TT/II) is a simple procedure. However, the combination of tawny pubescence and yellow hilum (TT/II) sometimes gives the seed coat and hilum a dull gray color. Cober et al. (1998) proposed the color classification 'imperfect yellow' to describe hilum color in tawny-pubescent yellow-hilum soybeans (TT/II/rr), and they reported that the hilum color in soybeans with tawny pubescence and a yellow hilum (TT/II) is affected by other genetic backgrounds or environmental conditions. Soybeans with a heavy dull gray color of seed coat and hilum would be traded at a lower price. Thus, breeding soybeans with a fine seed coat and hilum is indispensable. Although we have developed some breeding lines with tawny pubescence, blight seed coat color and yellow hilum, it will be important to investigate the factors affecting the colors of seed coat and hilum in soybeans with tawny pubescence and a yellow hilum (TT/II) in the future. Relation between the flowering time and the damage due to low temperature during the flowering stage The CTIs for the number of pods and the seed yield in tawny lines with early and late flowering time (Te and TE) were high in Experiment II. This supports the theory that cold-weather tolerance of tawny soybeans is greatly related to the gene T. CTIs for the number of pods and the seed yield in gray lines with early flowering (te) were lower than those in tawny lines with late flowering (Te), but those in late flowering lines with gray pubescence (tE) were as high as those with tawny pubescence (TE). This result indicates that the flowering time might be related to the tolerance to damage due to low temperature in the flowering stage. To verify this presumption, we selected the groups with different flowering times from two crosses (Tokou 0636 and Tokou 0409), which have gray pubescence and a yellow hilum, and exposed the selected groups to a low temperature.
As a result, the CTIs for the number of pods and seed yield in the later flowering group were significantly higher than those in the earlier flowering group in both crosses. This verified that the flowering time is related to the tolerance to damage due to a low temperature in the flowering stage, and that late flowering soybeans have higher tolerance than early flowering soybeans.
Late flowering soybeans with high cold-weather tolerance seem to have a higher rate of nitrogen and carbon assimilation than early flowering ones due to larger canopy. In addition, there is a positive correlation between flowering time and numbers of nodes and flowers per plant (Yumoto and Matsukawa 1992) . In Experiments II and III, the lines and groups with later flowering had a larger number of main stem nodes, and they were expected to have a larger number of flowers than those with earlier flowering. When flowers of soybean are damaged by low temperature at the flowering stage, the resulting decrease in pod setting is compensated by flowers that open after the low-temperature period, and the degree of compensation depends on the number of flowers which are not damaged . Soybeans that have a larger number of total flowers open more flowers in a given period than soybeans with a smaller number of total flowers (Sanbuichi 1964) . Therefore, the degree of the above compensation in late flowering soybeans which have 2) *,** and ns indicate significant at P = 0.05, P = 0.01 and not significant difference between groups, respectively. a larger number of total flowers is higher than in early flowering soybeans with fewer total flowers, because the former develops a greater number of flowers after the low-temperature period.
To select soybeans with later flowering time is not complicated. However, late flowering soybeans with late maturity cannot accomplish whole growth in eastern Hokkaido where the growth period is relatively short. Therefore, breeding soybeans which have a later flowering time but not late maturity time is requested. There is a large variance in the flowering time in soybeans with a similar maturity time. Nelson (1988) conducted selections for the flowering time while maintaining similar dates of maturity, and lines with similar time in maturity differed by as much as almost one month in the flowering time. And from our experiences, it may be possible to select soybeans with a late flowering time but relatively early maturity time. However, this possibility is low, and we need to find soybeans with a higher podfilling speed, and use them as mother plants to breed lines with a late flowering time but with a relatively early maturity time.
